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Abstract–In this paper, we present the design and 
comparative analysis of two high frequency resonant micro-
mirrors which incorporate direct and indirect electrostatic drive 
configurations. Innovative claims include: (1) the 
implementation of high fidelity fluid-structural coupled 
damping simulations in the design optimization process of 
indirect drive micro-mirrors; (2) demonstration of an optimized 
single-Si layer design that maximizes scanning efficiency while 
achieving minimal mirror dynamic deformation, δdyn. A total 
optical scan angle, θopt, of 37° at a scanning frequency, fs, of 
25 kHz and a sinusoidal drive voltage amplitude, Vdrive of 200 V 
is achieved by the 1 mm-diameter, D, indirect drive micro-
mirror design.   
Keywords–resonant micro-mirrors, electrostatic comb drive, 
laser beam scanning, air damping, dynamic deformation 
I. INTRODUCTION 
Emerging laser beam scanning applications ranging from 
LiDAR systems to automotive head-up displays (HUD) are 
currently driving demand for resonant scanning micro-
mirrors.  Further performance gains from existing MEMS 
actuation and fabrication technologies are limited by air 
damping losses and mirror dynamic deformation, δdyn. 
Moreover, the electrostatic torque generated from single-
layer micro-scanners actuated by angular vertical comb 
(AVC) structures is limited by the device layer thickness and 
the comb finger position from the mirror rotational axis.  
In comparison to conventional micro-scanner designs 
(Fig. 1a), where the actuators are directly connected to the 
mirror plate, the concept of mechanical amplification in 
indirect drive designs (Fig. 1b) has demonstrated significant 
gains in the optical resolution parameter θopt.fs.D. Indirect 
drive micro-mirrors based on electromagnetic [1] and 
piezoelectric [2] actuation have been developed, however, 
such mechanisms require either high drive currents or a 
complex fabrication process. A 22 kHz electrostatic indirect 
drive micro-mirror exhibiting significant δdyn has been 
presented [3], which in turn, limits the achievable optical 
scanning resolution.  
Reliable predictions of the scanning efficiency in high 
performance micro-scanners can only be achieved if the 
complex air damping characteristics of such devices are 
completely understood. The accuracy and limitations of 
analytical and numerical air damping models for direct-drive 
electrostatic micro-scanners has only been recently 
investigated [4]. Measurement results demonstrate that the 
drag damping of millimeter-size circular plates oscillating in 
out-of-plane rotation results in a non-constant quality factor, 
Q variation with scan angle amplitude, θmax. The Q - θmax 
relationship can be approximated using the linear fit 
parameters Qo and Qnl as in (1) [5]. Moreover, influences due 
to air drag on the quality factor, Q of indirect drive scanners 
have not yet been reported, hindering the implementation of 
a robust optimization scheme in the design process of such 
scanners.  
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The devices of Fig. 1 are fabricated from a single 25 μm 
mono-crystalline doped-Si layer (Silicon) using the standard 
SOIMUMPs multi-project wafer process. Highly reflective 
micro-mirror surfaces can be developed with the availability 
of a Au-Cr metallization layer (BlanketMetal) which is 
deposited using a shadow masking technique. Low frequency 
scanning micro-mirrors have already been fabricated using 
this process [6], however the relatively low device thickness 
is detrimental to dynamic deformation, the available 
electrostatic torque and Q at higher scanning frequencies.    
In this work, we present the design of low cost high 
frequency scanning micro-mirrors fabricated using the 
standard SOIMUMPs process and actuated via vertical comb 
structures. Additional research outcomes include: (1) the 
implementation of high fidelity fluid-structural coupled 
damping simulations in the design optimization process of 
indirect drive micro-mirrors; (2) demonstration of optimized 
single-Si layer designs that maximize scanning efficiency 
while achieving minimal δdyn. 
  
II. DESIGN METHODOLOGY 
The micro-scanner designs of Fig. 1 were deduced from 
a multi-physics optimization process based on the 
performance objectives listed in Table I. The design 
optimisation scheme proposed in [7], which is based on 
structural and fluidic numerical models, was enhanced by 
incorporating 3D electrostatic finite element (FE) simulations 
with the aim of including the overall scanning efficiency 
(θopt/Vdrive) as one of the design output parameters. The design 
process was divided in two stages: opto-mechanical 
optimization and electrostatic-fluidic optimization. 
A.  Opto-mechanical optimization: direct drive design 
In the first stage, the design objectives related to the 
following output parameters were considered: the torsional 
modal frequency corresponding to the scanning frequency of 
the resonating micro-mirror; separation between fs and the 
adjacent bending modal frequency fp, the dynamic 
deformation and maximum shear stress in the torsion beam at 
θmax. A parametrized finite element (FE) model was 
developed in ANSYS Mechanical using layered quadrilateral 
shell elements (SHELL181). Elements forming part of the 
mirror surface were defined with two layers: 25 μm Silicon 
and 0.65 μm BlanketMetal. Three FE simulations are 
performed sequentially as follows: 
(i) Static structural analysis: the mirror plate curvature 
resulting from the process-derived residual stresses is 
simulated. Biaxial residual stress data in the Silicon and 
Blanketmetal layers is applied using the initial stress state 
command, INISTATE;  
(ii) Pre-stressed modal analysis: the resultant stress 
distribution from the previous simulation is inserted as an 
initial condition in a modal analysis in order to take into 
consideration the pre-stress effects on the micro-scanner’s 
natural frequencies. The torsion and piston resonating modes 
are deduced from the first two modal frequencies using a 
condition statement based on the modal displacement of the 
mirror center point.  
(iii) Static structural analysis: the torsional resonant 
frequency obtained from the previous modal simulation is 
used to apply the angular acceleration: (2πfs)2.θmax and hence 
the inertial torque, MI at θ(t) = θmax. The in-plane residual 
stress and MI are applied in a static structural analysis to 
obtain the overall static and dynamic mirror plate curvature 
together with the maximum shear stress in the torsion beams.  
B. Opto-mechanical optimization: indirect drive design 
In order to develop the indirect drive micro-scanner, the 
optimized design obtained from the previous section is 
modified such that the gimbal structure is connected to an 
outer-frame as shown in Fig. 1b. The outer frame is, in turn, 
connected to the substrate by means of a second set of 
torsional beams. The coupling between the mirror and outer 
frame in the indirect drive design of Fig. 1b results in two 
torsional modes (see Fig. 2): in-phase (IP) and out-of-phase 
(OP) mirror rotation relative to the outer frame.  At the OP 
 
 
(a) direct drive electrostatic actuation (b) indirect drive electrostatic actuation 
Fig. 1. SEM images of the SOIMUMPs resonant micro-scanner designs 
 
TABLE I: Output parameters and related partial objectives 
Output 
parameter Description Objective 
Rmax 
normalized dynamic deformation [8]  
at θ(t) = θmax < 0.1 
fs torsional modal frequency > 25 kHz 
│fs –fp│ separation between torsional and bending modal frequencies > 1 kHz 
τmax maximum torsion beam shear stress at θ(t) = θmax < 1.4 GPa 
(θopt/Vdrive) 
scanning efficiency at maximum drive 
voltage amplitude,  
(Vdrive = 200 V) 
> 0.15 °/V 
  
mode, a small amplitude of the outer frame having a large 
inertial moment results in amplified micro-mirror rotation. In 
order to exploit the mechanical amplification at the OP mode, 
the vertical comb structures are connected to the outer frame 
such that a small out-of-plane rotation of the movable comb 
fingers results in an amplified micro-mirror scan angle.                                                                               
Maximizing the amplification factor, A is included as an 
additional objective in the case of the indirect-drive micro-
scanner optimization. The factor, A is defined as the ratio of 
maximum angular modal displacement between the mirror 
plate and the outer frame. Mechanical amplification can be 
increased by minimizing the frequency of the in-phase torsion 
mode: either by enlarging the outer frame area or by reducing 
the stiffness of the outer torsion beam set. A wider outer frame 
area additionally allows for longer comb structures and hence 
greater scanning efficiency. However, an increase in the 
overall micro-scanner area is limited by the available chip 
design area. Moreover, undesirable vibration modes may 
result from weaker torsional beams or a wider outer frame. 
C. Electrostatic-Fluidic Optimization: direct drive design 
In the second stage, the design of the comb structures is 
optimized in order to maximize the micro-scanner efficiency 
at fs. The latter can be calculated by equating the electrostatic 
input energy to the damping energy loss, Eloss over one cycle. 
Air damping energy loss was evaluated by performing 
transient 3D Navier-Stokes simulations on separate mirror-
frame and comb finger computational fluid dynamic (CFD) 
models. The modelling procedures presented in [4], were 
applied to obtain the transient air pressure and shear stress 
loading on the moving structures. The electrostatic input 
energy from vertical comb structures is proportional to the 
rate of change of capacitance with angular displacement of 
the rotating comb fingers, dC/dθ. A FE model was developed 
to compute dC/dθ whereby the air volume separating the 
electrode boundaries is meshed using charge-based electric 
elements in ANSYS Mechanical (1-node SOLID123 
tetrahedra). In both micro-scanner designs, the comb 
structures are characterized by (i) a finger length of 150 μm, 
(ii) finger width of 6 μm and (iii) finger gap of 3 μm, in order 
to maximize the available electrostatic force within the 
manufacturing limitations [9]. Consequently, the scanning 
efficiency can be maximized by optimizing the number and 
location of the comb fingers. 
Given the limited area available to insert straight AVC 
structures in the case of the direct drive micro-mirror, 
additional comb fingers are introduced at the gimbal-frame 
boundary. This entails consideration of the non-constant 
comb finger position from the rotational axis. For this reason, 
the following look-up tables were generated from numerical 
simulations to evaluate the (θmax/Vdrive) of the direct-drive 
micro-scanner designs: 
(i)   from transient fluid simulations, the variation of the 
mirror plate energy loss with scan angle amplitude is 
determined: Eplate(θmax) look-up table; 
(ii)   from transient fluid simulations the variation of the 
rotating comb finger energy loss with the comb finger 
position relative to the mirror rotational axis,  rpos and scan 
angle amplitude is determined: Ecomb(θmax, rpos) 2-D look-up 
table; 
(iii)  from electrostatic simulations the comb finger 
capacitance variation with scan angle amplitude and comb 
finger position is determined: C(θmax, rpos) 2-D look-up table. 
D. Electrostatic-Fluidic Optimization: indirect drive design 
In order to compute the transient drag damping moment 
on the oscillating mirror-frame structure the dynamic mesh 
technique is set up in ANSYS Fluent. The dynamic mesh 
model allows the mesh to be adjusted in order to 
accommodate a prescribed movement of the fluid domain 
boundaries. Given the large out-of-plane displacement of the 
micro-scanner boundary, a combination of diffusion-based 
mesh smoothing and cell-zone re-meshing methods, in 
ANSYS Fluent, were necessary to impede against mesh 
degeneration during one oscillation. For simplicity, the air 
gap between the gimbal-frame and mirror plate was assumed 
to have a negligible effect on the overall damping and 
therefore was not included in the CFD model shown in Fig. 4.  
A one-way coupled structural-fluid system was set up to 
evaluate the transient air pressure and shear loading on the 
mirror-frame structure oscillating in the out-of-phase 
torsional resonant mode as shown in Fig. 5. At each time step, 
the motion of the micro-scanner boundary in the fluid domain 
is updated by the steady-state micro-scanner displacement 
data obtained from a transient structural analysis. 
 
Fig. 3. Detail of direct drive micro-scanner layout showing the straight 
and curved section of the angular vertical comb structure 
 
(a) Mode 1 
 
(b)   Mode 4 
 
Fig. 2. FE modal simulation results of the indirect drive micro-
scanner design at (a) the in-phase (IP) (13 kHz), (b) out-of-phase 
(OP) (25 kHz) resonant modes 
  
The placement of the vertical comb structures on the 
outer frame substantially increases the distance between the 
comb fingers and the rotational axis. A modified version of 
the sliding mesh model, described in [10], is proposed for the 
indirect-drive design as shown in Fig. 6. The moving fluid 
domain rotates about the out-of-plane axis while the fluid 
interface surfaces (shown in dark red) allow for flow 
continuation between the rotating and static fluid domains. 
The transient damping moment is extracted from the 
elemental pressure and shear stress acting on the rotating 
finger wall boundary. The wall shear stress distribution on the 
rotating finger together with the adjacent flow velocity profile 
is plotted in Fig. 7. 
III. SIMULATION AND EXPERIMENTAL RESULTS 
The optimized designs of Fig. 1 consist of a circular 
mirror plate suspended from an inner frame by four links, 
geometrically optimized for the reduction of δdyn at the 
torsional resonant mode. At the scan angle amplitude, θmax 
(= θopt/4) a normalized maximum dynamic deformation, Rmax 
[8] of 0.096 is predicted from structural FE simulations, in-
line with the best-published results for single-layer resonant 
micro-scanners [11][12].  
The non-linear harmonic micro-scanner response is 
obtained by applying Vdrive frequency sweeps and acquiring 
θ(t) using a position sensitive detector (PSD)-based 
measurement system. For a sinusoidal Vdrive signal, the 
maximum response magnitude from both designs is achieved 
during frequency upsweep as shown in Fig. 8. In contrast with 
the direct drive design, the θmax frequency response of the 
indirect drive micro-scanner exhibits a wider operating 
bandwidth. The peak amplitude and corresponding frequency 
of both micro-mirror prototypes at a sinusoidal Vdrive of 200 V 
are listed in Table II. A constant overestimation of fs from FE 
modal analysis can be observed.  
In order to assess the amplification factor,  
A of the indirect drive micro-scanner, a laser beam was 
projected onto the outer frame to measure its harmonic 
response using the PSD. Fig. 9 displays the input drive 
frequencies, which correspond to the first four mode shapes 
of the indirect drive micro-scanner. All resonant modes were 
verified using stroboscopic imaging. The amplification 
factor, A was deduced from the ratio of the measured peak 
amplitude response between the mirror plate and outer frame 
at the intended mode of operation (mode 4) and good 
agreement was obtained with FE modal simulation results 
(measurements: A = 8.82; simulations: A = 9.04).    
Fig. 6. CFD model for the transient damping simulation of AVC 
structures in the indirect-drive micro-scanner design 
 
Fig. 7. Instantaneous shear stress distribution on the rotating comb 
finger cell and air velocity contour plot at the mid-plane of the comb 
finger gap at θ(t) = 0°; obtained from N-S simulations 
(fs = 25 kHz; θmax = 7°) 
 
Fig. 4. Computational fluid domain for transient N-S simulations 
performed to deduce the air damping losses acting on the mirror plate 
and outer frame structure in the indirect drive micro-scanner design 
 
 
 
Fig. 5. Air pressure distribution on half the mirror-outer frame 
oscillating structure of the indirect-drive design and air velocity 
streamlines along the mid-plane at θ(t)= θmax obtained from transient 
3D Navier-Stokes simulations (fs = 25 kHz; θmax = 7°) 
  
From CFD simulations, the contribution of the comb 
structure oscillations towards the overall Eloss at peak θmax is 
>30% for the direct drive and <5% for the indirect drive 
micro-scanner. The effectiveness of uncoupling the comb 
drive and mirror oscillations in reducing the overall Q is 
demonstrated in the optical measurement results of Fig. 10. 
Parameters Q0 and Qnl were deduced from the damping 
measurement results (see Table III), in order to deduce the 
non-linear damping model in (1) for the presented micro-
scanner designs. 
Electrostatic-fluidic simulations indicate that extending 
the number of comb fingers along the inner frame of the 
direct drive micro-scanner may result in a reduction in the 
overall scanning efficiency as shown in Fig. 12. For the 
particular process and design parameters considered, 
optimum θmax is achieved when the maximum comb finger 
position from the rotational axis is 470 μm. This electrostatic 
actuation limitation can be overcome with the indirect-drive 
configuration, whereby an improvement in scanning 
efficiency by a factor of around 1.6 is observed from the 
Vdrive - θmax measurements shown in Fig. 11.  
 
 
TABLE II: Results from a frequency sweep at 200 Vpk sinusoidal drive 
amplitude 
Device  
peak  
amplitude 
(°) 
peak  
frequency 
(Hz) 
torsional modal 
frequency 
 (FE simulations) 
direct drive 5.7 24341.0 25692 
indirect 
drive 9.2 24894.7 25278 
 
 
TABLE III: Least mean squares fit to quality factor 
 measurement results 
Device Q0 Qnl 
direct drive 604.2 5.27 
indirect drive 927.4 10.92 
 
 
 
Fig. 10. Q variation with θmax from PSD-based measurements 
 
Fig. 8. Micro-scanner frequency response at a drive voltage amplitude 
of 200 V 
 
Fig. 11. Peak θmax versus drive voltage amplitude 
 
Fig. 9. Mirror plate and outer frame harmonic response of the 
indirect drive device obtained from PSD-based measurements  
(Vdrive = 141 V) 
 
  
IV. CONCLUSIONS 
The design and characterization of two high frequency 
scanning micro-mirrors, fabricated using the standard 
SOIMUMPs process, is presented. Design optimization was 
performed in order to maximize the optical resolution for 
micro-display applications while maintaining a high scanning 
efficiency and dynamic mirror flatness. Advanced numerical 
models for the evaluation of Q in electrostatic micro-scanners 
were developed and validated. Simulation and measurement 
results demonstrate that for single-Si layer processes, good 
scanning efficiency can be achieved with electrostatically-
actuated resonating micro-scanners by implementing the 
indirect-drive configuration. The optical performance of the 
indirect-drive micro-scanner is sufficient for projection 
display applications with SVGA resolution requirements 
(800×600).  
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(a) straight AVC section 
 
(b) curved AVC section 
Fig. 12. Scan angle amplitude, θmax variation with size of the AVC 
structure when a 200 V sinusoidal drive signal is applied to the direct 
drive design; obtained from transient CFD simulations and 
electrostatic FE simulations 
